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We report an experimental study of the magnetic order and electronic structure and transport of
the layered pnictide EuMnSb2, performed using neutron diffraction, angle-resolved photoemission
spectroscopy (ARPES), and magnetotransport measurements. We find that the Eu and Mn sublat-
tices display antiferromagnetic (AFM) order below TEuN = 21(1) K and T
Mn
N = 350(2) K respectively.
The former can be described by an A-type AFM structure with the Eu spins aligned along the c axis
(an in-plane direction), whereas the latter has a C-type AFM structure with Mn moments along the
a–axis (perpendicular to the layers). The ARPES spectra reveal Dirac-like linearly dispersing bands
near the Fermi energy. Furthermore, our magnetotransport measurements show strongly anisotropic
magnetoresistance, and indicate that the Eu sublattice is intimately coupled to conduction electron
states near the Dirac point.
PACS numbers: 75.25.-j, 75.30.Gw, 74.70.Xa
Topological semimetals can host quasiparticle excita-
tions which masquerade as massless fermions due to the
linearly-dispersing electronic bands created by interac-
tions with the crystal lattice. The Dirac or Weyl nodes,
where the conduction and valence bands meet in mo-
mentum space, are robust against small perturbations
due to the protection afforded by crystalline symmetries
or the topology of the electronic bands1–5. Topological
semimetals exhibit exceptional electronic transport prop-
erties (e.g. extremely high carrier mobility and large
linear magnetoresistance) and the control of these ex-
otic charge carriers could help realize a new generation
of spintronic devices with low power consumption6–8.
Such control can potentially be realized in materials
in which magnetic order coexists with non-trivial elec-
tronic band topology. Recent ARPES, quantum oscil-
lation, neutron diffraction and ab initio band structure
studies suggest that materials in the AMnSb2 (A = Ca,
Sr, Ba, Eu, Yb) family display many of the required prop-
erties9–18. The two-dimensional zig-zag layer of Sb atoms
[Fig. 1] in these 112–pnictides play host to fermions which
can be described by the relativistic Dirac or Weyl equa-
tions. Furthermore, the electronic transport in this fam-
ily of materials also displays large magnetoresistive ef-
fects, suggesting a coupling between the magnetism and
charge carriers9–17. These effects could be driven by
changes in the electronic band structure topology due to
changes in the symmetry of the spin structures induced
by the applied field19.
Within the AMnSb2 family, EuMnSb2 is of particu-
lar interest because the conducting zig-zag layer of Sb
atoms is sandwiched between two interpenetrating mag-
netic sublattices (Eu and Mn), as shown in Fig. 1(a).
Such a structure may lead to an enhancement of the cou-
pling between the topological quasiparticles and mag-
netism, compared to that in compounds with a non-
magnetic atom on the A site. The dramatic magnetore-
sistive behaviour observed in a recent work20 is evidence
for the importance of this coupling. Up to now, however,
the nature of the magnetic order in EuMnSb2, which de-
termines the character of any topological band crossings,
has yet to be determined. Moreover, although the mag-
netic susceptibility of EuMnSb2 has an anomaly at 20 K,
which is attributed to the AFM order of Eu, no evidence
FIG. 1. (a) The crystal and magnetic structure of EuMnSb2
(1 × 2 × 2 unit cells). The Eu and Mn sublattices ex-
hibit A-type and C-type AFM order, respectively. (b) View
down the x axis of the orthorhombic unit cell (space group
Pnma, lattice parameters a = 22.567(5) A˚, b= 4.371(1) A˚, c
= 4.409(1) A˚ at T = 300 K) showing the zig-zag network of
Sb atoms in the y–z plane. (c) High symmetry points of the
orthorhombic Brillouin zone.
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2for magnetic order of the Mn spins has been detected up
to 400 K.20 This is surprising given that all other AMnX2
(X = Sb,Bi) systems studied thus far exhibit AFM order
of Mn near room temperature.9–17,21–35
In light of this, we set out in this study to (i) deter-
mine the spin configuration of the two magnetic sublat-
tices by powder neutron diffraction, (ii) investigate the
nature of electronic states by mapping the band struc-
ture with ARPES, and (iii) shed light on the coupling
between magnetism and the charge carriers through mag-
netotransport measurements. We find that the Mn sub-
lattice displays long range order below TMnN = 350(2) K
with the magnetic moments aligned along the a axis in
a C-type AFM structure. Upon further cooling, we find
that the Eu spins exhibit an A-type AFM ordering at
TEuN = 21(1) K with the spins aligned along the c axis.
Our ARPES results show that EuMnSb2 displays Dirac-
like linearly dispersing electronic bands near the Fermi
energy. Furthermore, we demonstrate that these elec-
tronic states are strongly coupled to the Eu magnetic
sublattice, evidenced by the magnetotransport data pre-
sented in this work.
Bulk EuMnSb2 single crystals were grown via the
flux method, as described in Ref. 20. The unit
cell can be described by the Pnma space group with
the Eu and Mn atoms at two symmetry-inequivalent
4c Wyckoff positions (0.38637(2), 0.25, 0.76977(5)) and
(0.24970(3), 0.25, 0.27005(14)), respectively (T = 300 K).
Magnetotransport measurements were performed on a
Quantum Design Physical Properties Measurement Sys-
tem (PPMS) for fields up to 13 T in a Hall configuration
with the standard five-contact method. The longitudi-
nal component, ρzz, was obtained by symmetrizing the
data measured in positive and negative fields respectively.
Here we define ρzz = Ez/jz, where Ez and jz are the
electric field and current density along z respectively.
Powder neutron diffraction measurements of EuMnSb2
were performed on the high-flux diffractometer WISH
(ISIS Facility, UK)36. The EuMnSb2 single crystals were
crushed in argon and loaded in a vanadium can. The
can had a relatively small diameter (3 mm) to reduce
the attenuation due to the high neutron absorption of
Eu (σEua = 4530 barns). ARPES spectra of EuMnSb2
were recorded with soft x-rays on the SX-ARPES end
station of the ADRESS beamline (Swiss Light Source,
Switzerland)37. Measurements were performed with a
SPECS analyzer at a photon energy of 790 eV with right-
circularly polarized light (C+). The sample was cleaved
normal to the [100] direction and measured at T ∼ 20 K
at a vacuum better than 1× 10−10 mbar.
Figure 2 shows the temperature dependence of three
peaks, with d-spacings of 4.09 A˚, 4.38 A˚ and 11.25 A˚ , re-
spectively. The intensity of the first two peaks increases
sharply below TMnN = 350(2) K, signalling the onset of
magnetic order on the Mn sublattice. The intensity at
4.09A˚ continues to grow and saturates as the tempera-
ture approaches 1.5 K. On the other hand, the intensity
of the reflection at 4.38A˚ displays another sharp increase
FIG. 2. (a)–(c) Temperature dependence (log scale) of the
integrated intensity of the peaks at d-spacings 4.09 A˚, 4.38 A˚
and 11.25 A˚ , respectively. (d) For TEuN < T < T
Mn
N , the
purely magnetic peak at 4.38A˚ comprises the peaks 010 and
001. Below TEuN , only the intensity of the 010 reflection grows.
below TEuN = 21 K, which is also observed at 11.25 A˚.
This transition is associated with the magnetic ordering
of the Eu moments, and coincides with the anomaly in
the temperature-dependent magnetotransport data (see
later).
For TEuN < T < T
Mn
N , the peak at 4.38 A˚ comprises two
reflections at slightly different d–spacing, namely 4.37A˚
and 4.41A˚, which can be indexed by the Miller indices 010
and 001. These peaks are not well separated as the ratio
c/b = 4.41/4.37 is close to unity [See Fig. 2(d)]. The 010
and 001 peaks are purely magnetic as they are forbidden
nuclear reflections in the Pnma space group. The peak
at 4.09 A˚ is similarly made up of 2 reflections, 201 and
210, at d-spacings 4.10A˚ and 4.08A˚ , respectively. These
are weak nuclear reflections in the paramagnetic phase
which display additional magnetic intensity below TMnN .
The peak at 11.25 A˚, which is the nuclear-allowed 200
reflection, displays additional intensity due to magnetic
scattering only for T < TEuN , Fig. 2(c). The two magnetic
orderings are also represented in Fig. 2(d), which shows
the temperature dependence of the composite magnetic
peak at 4.38 A˚. As the intensity of the 001 component at
34.41 A˚ is already saturated by 100 K, the increase in the
integrated intensity for T < TEuN [Fig. 2(b)] only arises
from the 010 peak at 4.37 A˚. Additional peaks, which
can be indexed by 211, 401, 410, 600 and 400, were also
observed below TEuN .
All of the observed magnetic peaks are consistent with
the magnetic propagation vector of k = 0 for both Mn
and Eu. As both magnetic species have the same mag-
netic propagation vector and are on the same Wyckoff
site (but different positions in the lattice), the magnetic
order on both sublattices can be described by the same
set of irreps. The magnetic Γ–point representation for
the 4c Wyckoff position (x, 0.25, z) of the Pnma space
group decomposes into eight distinct one-dimensional ir-
reducible representations (irreps), Γ = Γ+1 +2Γ
−
1 +2Γ
+
2 +
Γ−2 + 2Γ
+
3 + Γ
−
3 + Γ
+
4 + 2Γ
−
4 , with the associated basis
vectors listed in Table I (the Miller and Love notation is
adopted38). In both cases, the irreps which describe the
ferromagnetic sublattices with moments along x, y and
z, namely Γ+3 , Γ
+
4 and Γ
+
2 , can be excluded by the bulk
magnetization20. We consider all of the remaining irreps
for the Eu and Mn sublattices systematically and discuss
the magnetism on each in turn.
For the Mn sublattice, the basis vector (+ +−−) [See
Table I] which describes A-type AFMs (Γ−4 , Γ
−
3 and Γ
−
1 ),
does not produce the observed 201, 210, 001 and 010
magnetic reflections. On the other hand, the G-type
AFMs [(+ − +−) basis vector] with Mn moments along
x, y and z do not give rise to the 210 and 010 magnetic
reflections. The basis vector (+ − −+) with Mn mo-
ments along y and z, is not predicted to have 010 and
001 magnetic reflections, respectively. Hence, the only
irrep that is consistent with the observed peaks is the Γ−1
irrep, which can be described by a C–type AFM with Mn
TABLE I. Representational analysis for the 4c Wyckoff site
of the Pnma space group (k = 0). The first column shows the
relative spin arrangement at the atomic positions (x, 0.25, z),
(−x+0.5, 0.75, z+0.5), (−x, 0.75,−z) and (x+0.5, 0.25,−z+
0.5) respectively. The last column denotes whether the irrep
can be described by one of the Ai, Ci or Gi types of AFM,
or by a ferromagnet, Fi, where i = x, y, z indicates the spin
orientation.
Basis Orien- Irrep Structure
vector tation Eu Mn
x Γ+3 Fx Fx
(+ + ++) y Γ+4 Fy Fy
z Γ+2 Fz Fz
x Γ−4 Ax
(+ +−−) y Γ−3 Ay
z Γ−1 Az
x Γ+2 Gx
(+−+−) y Γ+1 Gy
z Γ+3 Gz
x Γ−1 Ax Cx
(+−−+) y Γ−2 Ay Cy
z Γ−4 Az Cz
FIG. 3. (a) Constant energy surface measured at 790 eV with
right–circularly polarized light at E = EF. (b) High symme-
try points in the ky–kz plane, as defined for the BZ shown in
Fig. 1(c). (c), (d) Electronic dispersion along the high sym-
metry line cuts indicated in (b) (dashed and solid blue arrows,
respectively). Note that the streak in (a), denoted by the red
arrow, is a detector artifact.
moments along x.
For the Eu sublattice, the basis vector (+ +−−) with
moments along x, y and z, corresponding to the irreps
Γ−4 , Γ
−
3 and Γ
−
1 respectively, do not produce the observed
010 and 200 magnetic reflections. The same is true for
the basis vector (+−+−) with irreps Γ+2 , Γ+1 and Γ+3 . For
the basis vector (+ − −+), the irreps with Eu moments
along x and z predict additional intensity at 001 which is
not observed below TEuN . This leaves us with an A-type
AFM with Eu moments along y which can be described
by the Γ−2 irrep.
For TEuN < T < T
Mn
N , the symmetry of the EuMnSb2
crystal can be described by the Pn′m′a′ Shubnikov group
due to the Mn order. This symmetry is lowered to P21/a
′
[unique axis c, γ 6= 90◦], below the Eu ordering temper-
ature, due to the combined effect of the two irreps. The
magnetic structures for the Mn and Eu sublattices are
presented in Fig. 1(a).
Figures 3(a), (c) and (d) illustrate our ARPES mea-
surements of the electronic structure of EuMnSb2, which
were made at T ' 20 K. The constant energy map in the
ky–kz plane at 0 eV binding energy (where E = EF), as
shown in Fig. 3(a), reveals small Fermi pockets at the
Z¯ high symmetry points across the six Brillouin zones
[marked by the red crosses in Fig. 3(b)]. Furthermore,
the k–E dispersion slice in Fig. 3(c) for k along the Z¯–
T¯–Z¯ high symmetry line [depicted by the dashed blue
arrow in Fig. 3(b)] shows steeply-dispersing linear bands
converging at the Z¯ high symmetry points at EF. This
provides direct evidence for Dirac fermions which could
be important for electronic transport.
Figure 3(d), which plots the k–E dispersion for k along
the Γ¯–Y¯–Γ¯ line cut, as depicted by the solid blue arrow in
Fig. 3(b), shows linearly dispersing bands that terminate
at EF. These bands, unlike those in Fig. 3(c), do not
4converge at EF, but instead form hole pockets centered
around the Γ¯ point.
Furthermore, we also observe a smearing out of the
bands beyond binding energies of about 0.5 eV and 0.7 eV
in Figs. 3(c) and (d), respectively. This effect can arise
from the Eu 4f bands which are strongly correlated due
to the highly localized nature of the orbitals. Hence,
ARPES shows that the 4f states, which give rise to the
Eu magnetism, are not expected to play a direct roˆle in
electronic transport. Our magnetotransport data, which
we will now show, demonstrate that the 4f electrons can
nonetheless influence charge transport indirectly through
exchange interactions.
The longitudinal magnetotransport behavior of
EuMnSb2 with the current along z is summarized in
Fig. 4. Figure 4(a) plots ρzz as a function of temperature
in zero field. The resistivity increases strongly on cool-
ing, reaching a maximum at TEuN with ρ
20K
zz /ρ
300K
zz ∼ 31,
then decreases at lower temperatures. This behavior is
consistent with paramagnetic scattering of conduction
electrons by the Eu spins, and is evidence that the
charge carriers in EuMnSb2 are strongly coupled to spin
fluctuations associated with the magnetic ordering on
the Eu sublattice.
To help understand the magnetoresistance behavior
further, we also measured ρzz at T = 2 K as a func-
tion of applied field in several directions within the x–y
plane, where the angle θ is defined with respect to the
crystallographic a axis [see insert of Fig. 4(c)]. The data
are plotted in Fig. 4(b). At θ = 0◦, three distinct fea-
tures can be identified in ρzz: (i) In the low field regime
(µ0H . 3 T), there is a small drop in ρzz. (ii) In the inter-
mediate regime (3 T . µ0H . 5.3 T) there is a sharp in-
crease in ρzz, with the fractional change in ρzz(H) reach-
ing 9.4 at the maximum. (iii) In the high field regime
(µ0H > 5.3 T), the anomalous resistivity decreases again
with increasing field.
With increasing field applied along the [100] direction
(θ = 0) the AFM-ordered Mn spins are expected to flop
into the y–z plane. Subsequently, both the Mn and Eu
spins will rotate towards the x axis and eventually be-
come fully spin-polarized at their respective saturation
fields. Strong spin fluctuations are expected during this
evolution in the magnetic structures, which can lead to
enhanced scattering of the conduction electrons. An
exchange-induced modification of the electronic bands
is also possible, arising out of the changes in the mag-
netic symmetry due to the field induced alteration of
spin ordering which can lift or add symmetry protec-
tion to the band crossing at high symmetry points in
the Brillouin zone39,40. These are two possible mecha-
nisms which could account for the large magnetoresistive
effects seen in Fig. 4(b).
The ρzz magnetoresistance displays strong angular de-
pendence, with the peak moving from 5.3 T for θ = 0◦,
to about 8 T for θ = 20◦, and eventually beyond the
measurement window range of 13 T, for θ = 80◦. For
µ0H = ±5.3 T, we find that the ratio of ρzz measured
FIG. 4. (a) The in–plane resistivity shows a metal-to-
insulator transition which peaks at TEuN ∼ 20 K before falling
at lower temperatures. (b) Field dependent ρzz at various
field directions measured at T = 2 K. Here the angles [see in-
sert of Fig. 4(c)] are defined with respect to the x axis where
the field direction is fixed to be within the x–y plane. (c) An-
gular dependence of ρzz at various field strengths demonstrate
the strong anisotropy in the magneto-transport of EuMnSb2.
at θ = 0◦ to that at θ = 80◦, or ρ0
◦
zz/ρ
80◦
zz , is 54. An-
other view of this anisotropy is given in Fig. 4(c), which
plots ρzz as a function of θ, measured at T = 2 K at
various field strengths up to 3 T. For this measurement
the in-plane resistivity was continuously measured as the
applied field was rotated about the current jz. The field
thus passes through the principal crystal axes [100], [010],
[1¯00] and [01¯0] at θ = 0◦, 90◦, 180◦ and 270◦, respectively
[see insert of Fig. 4(c)]. The 180◦ periodicity in ρzz is
in agreement with charge transport in a 2-dimensional
layer. Moreover, consistent with the |µ0H| ≤ 3 T data
presented in Figure 4(b), ρzz decreases in all field direc-
tions, forming sharp resistivity peaks at angles θ = 0◦,
180◦ and 360◦. At µ0H = 3 T, the peaks have an angu-
lar width of δθ ∼ 20◦, and are suppressed when θ = 10◦,
170◦, 190◦ and 350◦, as denoted by the red arrows in
Fig. 4(c). Intriguingly, these angles correspond to the
[110], [1¯10], [1¯1¯0] and [11¯0] directions of the orthorhom-
bic crystal respectively.
The results presented in Figs. 4(b)–(c) demonstrate
that the charge transport in EuMnSb2 is extremely sen-
5sitive to the applied field direction. The large magnetore-
sistance which arises when the field is aligned with the
[100] direction (perpendicular to the in–plane Eu mag-
netic moments) is suppressed as soon as there is a small
component of field along the [010] direction.
The extent to which the electron bands are altered re-
mains to be seen since ARPES cannot be performed in
an applied magnetic field. Hence, a natural extension of
the present work would be an ab initio study of the elec-
tronic band structure with different spin configurations,
the latter being determined experimentally by resonant
elastic x-ray scattering (REXS) in an applied field. As
REXS is element-specific, it allows for the study of the
spin configuration on the Eu and Mn magnetic sublat-
tices separately.
In conclusion, we have used powder neutron diffraction
to establish that EuMnSb2 displays magnetic ordering
at two distinct temperatures, and we have determined
the spin arrangement for both magnetic sublattices in
spite of the large neutron absorption of Eu. Moreover, in
the small energy window available to map the electronic
spectrum due to the presence of strongly correlated Eu
4f bands, we have successfully recorded ARPES spectra
which provide evidence for a Dirac-like linear dispersion
at EF. Finally, our magnetotransport results show that
in EuMnSb2 there is a strong coupling between magnetic
order and charge transport. These three strands of evi-
dence lend support to the prediction that EuMnSb2 is a
promising material to realize magnetic control of topo-
logical quasiparticles.
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